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CD4 and CD8 T cell lineages differentiate through
respective thymic selection processes. Here, we
report cross-differentiation from the CD8 lineage
to CD4 T cells, but not vice versa, predominantly in
the large-intestine-associated microenvironment. It
occurred in the absence or distal presence of cognate
antigens. This pathway produced MHC-class-I-
restricted CD4+Foxp3+ Treg (CI-Treg) cells. Blocking
T cell-intrinsic TGFb signaling diminished CI-Treg
populations in lamina propria, but it did not preclude
the CD8-to-CD4 conversion. Microbiota were not
required for the cross-differentiation, but the pres-
ence of microbiota led to expansion of the converted
CD4 T cell population in the large intestine. CI-Treg
cells did not promote tolerance to microbiota per se,
but they regulatedsystemichomeostasisofT lympho-
cytesandprotected the large intestine from inflamma-
tory damage. Overall, the clonal conversion from the
CD8 lineage toCD4Tcell subsetsoccurred regardless
of ‘‘self’’ or ‘‘nonself.’’ This lineage plasticity may pro-
mote ‘‘selfless’’ tolerance for immune balance.
INTRODUCTION
The development of the immune system has been largely char-
acterized on the basis of discriminating ‘‘self’’ (the host’s own
cells) from ‘‘nonself’’ (exemplified by infectiousmicrobes) toward
an outcome of either tolerance or immunity (Burnet, 1957). The
gut-associated environment (GAE), particularly the large intes-
tine, presents a unique challenge to the immune system because
it possesses a diversity of food antigens and a superior number
of normal flora (NF) microorganisms (microbiota) with amicrobial
pattern that is otherwise typified for initiating immunity (Janeway
andMedzhitov, 2002). Directly or indirectly, microbiota affect the
development of the gastrointestinal tract and the host immune
system, and perform a number of functions that are beneficial
to the host (Hooper andMacpherson, 2010). Thus, a harmonious
relationship among the immune system, microbiota, and food
antigens in the large-intestine-associated microenvironment is
vital for the health of a mammalian host.574 Cell Reports 10, 574–585, February 3, 2015 ª2015 The AuthorsIn vertebrates, the innate immune system discriminatesmicro-
bial agents by patterns that are distinct from eukaryotic cells,
whereas the adaptive immune system is armed with a repertoire
of T and B lymphocyte clones with fine specificity to foreign an-
tigens but is tolerant toward the host’s ‘‘self’’ tissue. The ‘‘self’’-
based concept has served as a foundation for modern immu-
nology, but its limitations have long been recognized (Matzinger,
1994). How the immune system deals with mutualistic and
massive microbiota in the large intestine remains a problem of
extensive interest. Extrathymic CD4+Foxp3+ regulatory T (Treg)
cells that developed in the periphery through TGFb signaling
were shown to have a critical role in maintaining tolerance at
the mucosal surface, including in the large intestine (Josefowicz
et al., 2012). Indeed, Treg cell clones specific to microbial agents
in the large intestine were identified, and the unique repertoire of
colonic Treg cells suggested that the differentiation of peripheral
Treg cells could occur locally at the intestinal mucosal surface
(Lathrop et al., 2011). However, sequencing analyses of the
T cell antigen receptor (TCR) of colonic Treg cells using the
TCRmini model, which was constructed to host a diverse but
limited repertoire to enable sequencing studies, suggested that
thymus-derived Treg cells may bemainly responsible for inducing
tolerance to the large-intestine microbiota (Cebula et al., 2013).
Nevertheless, one might argue that specific-antigen-based
tolerance to microbial organisms must be limited in scope,
because a constitutive tolerance toward a broad spectrum of
nonpathogenic bacteria can potentially cripple immunity against
pathogenic bacteria, which differ minimally from the former in
terms of patterns for immune initiation. Indeed, the continued
presence of microbiota may promote a protective immunity
overall, as demonstrated in a recent study showing that
antibiotic depletion of microbiota impaired antiviral innate and
adaptive immunity (Abt et al., 2012).
Therefore, although the CD4 and CD8 lineage specification of
ab T cells occurs in the thymus as a result of a multistage, strin-
gent selection process involving the recognition of MHC class I
(MHCI) or MHC class II (MHCII) molecules (Doyle and Stro-
minger, 1987; Hedrick, 2012; Norment et al., 1988; Rudd et al.,
1988; Veillette et al., 1988), it is possible that in the large-intes-
tine-associated microenvironment, evolution shaped unique
mechanisms of T cell plasticity that might not be constrained
by a ‘‘self’’ versus ‘‘nonself’’ characterization of specific-antigen
recognition. We hypothesize that T cell clones in the large-intes-
tine-associated microenvironment can differentiate at steady
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Figure 1. Cross-Differentiation of Two Inde-
pendent Clones in the MHCI-Restricted
CD8 T Cell Lineage to CD4+Foxp3 and
CD4+Foxp3+ T Cells
(A) Representative flow cytometry plots of the
large-intestine lamina propria (LILP), mesenteric
lymph nodes (MLNs), spleen, and inguinal lymph
nodes (ILNs) in 5-week-old OT1+Rago mice, fol-
lowed by total cell counts for CD4+ and CD4+
Foxp3+ T cells (n = 5, mean ± SEM).
(B) Representative flow cytometry plots of the
LILP, MLNs, spleen, and pancreatic lymph nodes
(PLNs) of 7-week-old NOD/B6.8.3+Rago mice,
followed byCD4+ andCD4+Foxp3+ cell numbers in
different organs (n = 6, mean ± SEM). The numbers
in the flow cytometry plots represent the percent-
ages of gated populations. Each data point rep-
resents one animal.
See also Figures S1 and S2.state with lineage plasticity to facilitate immune balance, without
regard to a ‘‘self’’ or ‘‘nonself’’ denotation of their TCR specificity.
To test this hypothesis, we examined steady-state T cell differ-
entiation in the large-intestine-associated microenvironment,
tracking the fate of two clones in the CD8 T cell lineage and
two clones in the CD4 T cell lineage that were not specific to
either microbiota or food antigens. Their known specific antigens
were either absent in the whole animal or present as a ‘‘self’’ an-
tigen in an organ (the pancreas) distal to the GAE. We used the
OTI TCR-transgenic model (Hogquist et al., 1994) with Rag1
knockout (Mombaerts et al., 1992) (OT1+Rago), which renders
a T cell repertoire consisting of a single clone of the MHCI-
restricted CD8 lineage specific to chicken ovalbumin (absent in
the mice or their diet). We also used the 8.3 TCR-transgenic
model (Verdaguer et al., 1997) on a Rag1-deficient (Mombaerts
et al., 1992) background (8.3+Rago), which hosts a monoclonal
repertoire of the CD8 lineage specific to a ‘‘self’’ antigen that
is present in the endocrine pancreas, but not in the GAE. We
examined CD4 lineage plasticity in the large-intestine-associ-
ated microenvironment by using monoclonal TCR-transgenic
models in settings analogous to that established for tracking
the clonal fate of the CD8 lineage. Although the monoclonal
TCR-transgenic model was necessary to track T cell lineage
fate at the clonal level in vivo in terms of antigen specificity (or
lack thereof), the exaggerated simplicity of repertoires in this
reductionist approach raised a question about its physiological
relevance. Therefore, we corroborated the plasticity of the CD8Cell Reports 10, 574–585T cell lineage using T cells with a natural
repertoire in adoptive-transfer settings
as well as under a condition of immune
imbalance simulated by CD4 depletion.
RESULTS
Cross-Differentiation without
Regard to Selfness
OT1+Rago mice on the C57BL/6 (B6)
genetic background, a widely usedmodelin immunological studies, are thought to harbor a monoclone
of CD8 T cells with TCR restricted to MHCI recognition. We
analyzed adult OT1+Rago B6 mice for T cell differentiation in
the GAE. Surprisingly, we found a large population of CD4
T cells (10%–20%) in the large-intestine lamina propria
(LILP), the vastmajority of which expressed Foxp3, the transcrip-
tion factor that specifies the CD4+ Treg cell lineage (Fontenot
et al., 2003; Hori et al., 2003; Khattri et al., 2003). CD4+Foxp3
and CD4+Foxp3+ T cells also existed as substantial populations
in the mesenteric lymph nodes (MLNs) of OT1+Rago mice, but
were infrequent in the other organs (Figure 1A). We analyzed
five OT1+Rago mice from 3 to 7 weeks of age and did not detect
CD4 T cell populations in intraepithelial lymphocyte (IEL)
preparations of the large or small intestine (not shown). The
small intestine lamina propria (SILP) (not shown) in three of the
five OT1+Rago mice had CD4 T cells, but the percentage of
the CD4 T cell population was 2- to 10-fold smaller than that in
the LILP.
We next examined the clonal fate of 8.3+Rago T cells in the
large-intestine-associated microenvironment. We detected low
frequencies of CD4+, but not CD4+Foxp3+, T cells in 8.3+Rago
mice on the NOD genetic background (Figures S1A and S1B).
However, in 8.3+Rago mice on the NOD/B6 mixed genetic
background (NOD/B6.8.3+Rago), we found substantial popula-
tions of CD4+Foxp3 and CD4+Foxp3+ T cells. Interestingly,
CD4+Foxp3 and CD4+Foxp3+ T cells were detected in the
LILP and MLN, but not in the pancreatic lymph node (PLN),, February 3, 2015 ª2015 The Authors 575
despite the presence of natural self-antigens specific for the 8.3
clone in the pancreas (Verdaguer et al., 1997; Figures 1B, S1A,
and S1B). Homozygosity of the NOD MHC locus on the NOD/
B6 mixed genetic background did not preclude cross-differenti-
ation and thus was likely not responsible for the lack of cross-
differentiated CI-Treg cells in the NOD genetic background
(Figure S1C), indicating a non-MHC genetic element(s) that influ-
ences CD8-to-CD4 cross-differentiation. Together with the find-
ings in the OT1+Rago model, these observations suggest that
cross-differentiation from the CD8 T cell lineage to CD4+Foxp3
and CD4+Foxp3+ T cells occurs in the large-intestine-associated
microenvironment regardless of the distance to or lack of
cognate antigens.
Conversion from the CD8 Lineage to CD4 T Cells with
the MHCI-Restricted TCR Clonotype
The OT1 clonotypic TCR is restricted toMHCI recognition. Using
Rag-deficient OT1 transgenicmice, previous studies established
that MHCI-based positive selection is essential for maturation of
the OT1 T cell clone to the CD8 lineage in the thymus (Kirchner
and Bevan, 1999). To examine the TCR clonotype of the CD4+
and CD4+Foxp3+ cells in the OT1+Rago mice, we performed
flow cytometry analyses of the TCR a and b chains. Indeed,
CD4+ and CD4+Foxp3+ cells in the OT1+Rago mice expressed
the OT1 clonotypic TCR (Figure S2A). In addition, the CD4
T cells produced in OT1+Rago mice responded to stimulation
with the MHCI-restricted peptide (SIINFEKL) of chicken oval-
bumin and proliferated like the CD8 OT1 cells (Figure S2B).
In vivo, purified CD4 OT1 cells that were adoptively transferred
into B6 hosts responded to immunization with SIINFEKL peptide
(Figure S2C). Therefore, with regard to their MHCI-restricted
responses, the CD4+Foxp3 and CD4+Foxp3+ subsets that
cross-differentiated from the CD8 lineage differed from the
MHCII-restricted CD4 T cell subsets that were associated with
the gut environment in previous studies (Esplugues et al.,
2011; Ivanov et al., 2009; Wu et al., 2010). The development of
MHCI-restricted CD4+Foxp3+ Treg (CI-Treg) cells represents a
novel pathway of CD4+ Treg cell generation in the periphery.
With regard to their differentiation of effector function, the
cross-differentiated CD4 T cells were also distinct from typical
gut-associated, MHCII-restricted CD4 T cells (Esplugues et al.,
2011; Ivanov et al., 2009; Wu et al., 2010) in that they were pre-
dominantly Th1 like, rather than Th17 like (Figures S2D and S2E).
We also analyzed suppressive cytokine expression in purified
OT1 CD4+Foxp3+ cells and OT1 CD4+Foxp3 cells in compari-
son with CD4+Foxp3+ cells from B6 mice. By qRT-PCR, we did
not detect IL10 mRNA in OT1 CD4+Foxp3+ cells, whereas IL10
mRNA levels in OT1 CD4+Foxp3 cells were comparable to
those in B6 Treg cells. TGFb mRNA levels were similar in OT1
CD4+Foxp3+, OT1 CD4+Foxp3, and B6 Treg cells (1.44 ± 0.02,
1.38 ± 0.02, and 1.78 ± 0.5 relative units, respectively).
Lack of Lineage Plasticity in theMHCII-RestrictedCD4 T
Cell Clones in the Large-Intestine Microenvironment at
Steady State
To examine whether T cell clones in the MHCII-restricted CD4
T cell lineage also have steady-state plasticity in the large-intes-
tine-associated microenvironment, we used models analogous576 Cell Reports 10, 574–585, February 3, 2015 ª2015 The Authorsto OT1+Rago and 8.3+Rago mice. The OTII TCR-transgenic
model (Barnden et al., 1998) was crossed onto a Rag1-deficient
background to generate OTII+Rago mice, which had a mono-
clonal repertoire of MHCII-restricted CD4 T cell lineage specific
to the chicken ovalbumin. The BDC2.5 TCR-transgenic model
(Katz et al., 1993) was crossed onto a Rag1-deficient back-
ground to generate BDC2.5+Ragomice, which had amonoclonal
repertoire of MHCII-restricted CD4 lineage that is reactive to a
natural self-antigen in the endocrine pancreas.We did not detect
conversion of the CD4 T cell clones to CD8+ or Foxp3+ cells in
LILP or MLN (Figure S3).
Two recent studies demonstrated the reprogramming of CD4
T cells to CD8 T cells in the small intestine triggered by microbial
antigens (Mucida et al., 2013; Reis et al., 2013). Those studies
suggested novel molecular pathways operating in the small-
intestine-associated microenvironment for the generation of
CD4+CD8a+ cytotoxic T lymphocytes (CTLs) restricted to MHCII
recognition (Anderson, 2013). Although our studies of T cell
clonal fate with known antigen specificities were limited to the
two clones in the CD4 T cell lineage, the results suggest that
the CD4 T cell clones may lack lineage plasticity in steady state
of the large-intestine-associated microenvironment, unlike their
CD8 counterparts, the OT1 and 8.3 clones, in the same setting.
On the other hand, our observations of CI-Treg-cell development
in the large-intestine-associated microenvironment parallel
previous findings of MHCII-restricted generation of CTLs in the
small-intestine-associated microenvironment (Mucida et al.,
2013; Reis et al., 2013).
MHCII Dependency of Cross-Differentiation from the
CD8 Lineage to CD4 T Cells
Although the cross-differentiation generated MHCI-restricted
CD4 T cells, the cross-differentiation process may require CD4
interaction with MHCII molecules. To examine this possibility,
we used two independent models (Grusby et al., 1991; Madsen
et al., 1999) of MHCII deficiencies. Indeed, MHCII deficiencies
caused by either H-2Ab knockout or complete knockout of the
whole MHCII locus (Grusby et al., 1991; Madsen et al., 1999)
abrogated the CD8-to-CD4 cross-differentiation (Figure 2).
Possibly, during the cross-differentiation, CD8 silencing and
CD4 inductionmay lead to engagement of bothMHCI andMHCII
on the same antigen-presenting cell, by the MHCI-restricted
TCR and CD4, respectively.
Essential Role of MLN, but Not the Thymus or
Immunocompromised Status
To identify the organs wherein the cross-differentiation first
occurred, we analyzed cohorts of OT1+Rago mice starting
when they were young. We did not detect CD4+Foxp3+ popula-
tions in the thymus. CD4+Foxp3 and CD4+Foxp3+ T cells first
appeared in the MLN and then in the LILP at 2 weeks of age
(Figure S4A). This predominant occurrence in the large-intes-
tine-associated microenvironment was also similar to what
was found with the NOD/B6.8.3+Rago model (Figure 1B).
The kinetic evidence from both OT1+Rago and 8.3+Rago
models suggests a role for MLN in cross-differentiation from
the CD8 lineage to CD4 T cells. Previous studies showed that
in the MLN, both dendritic cells and stromal cells presented
24.8 0
60.9 86.9
3.9 0.2
91.9 97.4
33.7 076.6 0
C
D
4
C
D
25
G
at
ed
C
D
3+
G
at
ed
C
D
3+
C
D
4+
CD8
Foxp3
C
D
4
C
D
25
CD8
Foxp3
20.6 0
77.3 99.7
0.7 0
96.2 97.6
61 0 60.4 0
NLMPLIL LILP MLN
OT1+RagoH2Ab+ OT1+RagoH2Abo OT1+RagoH2Ab+ OT1+RagoH2Abo
NLMPLIL LILP MLN
OT1+RagoCII+ OT1+RagoCIIo OT1+RagoCII+ OT1+RagoCIIo
G
at
ed
   
   
C
D
3+
G
at
ed
C
D
3+
C
D
4+
A
B
C
D
4+
#
C
D
4+
Fo
xp
3+
#
LILP MLN ILN
LILP MLN ILN
C
D
4+
#
C
D
4+
Fo
xp
3+
#
* *
* **
* **
* **
103
10
0
103
10
0
103
10
0
103
10
0
103
10
0
103
10
0
103
10
0
105
103
10
0
105
**
*
H2Ab+ H2Abo
CII+ CIIo
Figure 2. Cross-Differentiation from the
CD8 Lineage to CD4 T Cells with a Require-
ment for MHCII
(A) OT1+Rago B6 mice were crossed with the
H-2Ab knockout line to generate H-2Ab-deficient
OT1+Rago mice (n = 5) and controls (n = 4). On the
B6 genetic background, H-2Ab knockout effec-
tively renders deficiencies in MHCII. The animals
were analyzed at 6–10 weeks of age. Represen-
tative flow cytometry plots are followed by cell
counts of CD4+ and CD4+Foxp3+ T cells. Closed
and open symbols denote H2-Ab+ controls and
H2-Ab mice, respectively. Each symbol repre-
sents one animal (mean ± SEM).
(B) OT1+Rago mice were crossed with the
knockout line of thewholeMHCII locus to generate
MHCII-deficient OT1+Rago mice (n = 5) and con-
trols (n = 3). The animals were analyzed at 4–
21 weeks of age. Representative flow cytometry
plots are followed by cell counts of CD4+ and
CD4+Foxp3+ T cells. Closed and open symbols
denote MHCII+ and MHCII mice, respectively.
Each data point represents one animal (mean ±
SEM). *p < 0.05; **p < 0.01.
See also Figure S3.antigens to stimulate OT1 cell responses (Lee et al., 2007). We
assessed the role of MLN at the whole-organ level by conducting
surgical experiments. We surgically removed the MLN in 2-
week-old OT1+Rago mice and analyzed the animals 2 weeks
later. Removing MLN diminished the CD4+Foxp3+ population.
However, it did not reduce the total CD4 T cell counts in
OT1+Rago mice (Figures 3A–3C).
To determine whether mature CD8 T cells can indeed
convert to CD4 T cells without a thymic input, we purified
CD8+CD4CD25Foxp3 T cells from the peripheral lymphoid
organs (the spleen and lymph nodes) of adult OT1+Rago mice
and injected the cells into Foxn1-deficient ‘‘nude’’ mice that
lack a functional thymus (Nehls et al., 1994). In the athymic recip-
ients, purified CD8+CD4CD25Foxp3 OT1 T cells efficiently
converted to CD4 T cells, such that in the LILP, CD4 T cells,
rather than CD8 T cells, predominated (>50%–80%; Figure 3D).
Still, there was a possibility that the purified peripheral CD8 T cell
population contained a fraction of cells that were ‘‘mis-selected’’
or ‘‘imprinted’’ by MHCII in thymic selection but exported to the
peripheral CD8 T cell repertoire in a metastable state. To test this
possibility, we purified CD8 T cells from OT1+RagoMHCIIo or
OT1+RagoMHCII+ donors and transferred them into nude mice.
As shown in Figure 3D, CD8 T cells from both MHCII+ and
MHCIIo donors converted to CD4 T cells efficiently. In this setting
of MHCIIo, the donor CD8 T cells had never been exposed to
MHCII prior to transfer. The recipient mice were athymic. There-
fore, the CD8-to-CD4 cross-differentiation reflects a peripheral
conversion rather than an undetected effect of ‘‘mis-selection’’
or ‘‘imprinting’’ by thymic MHCII.Cell Reports 10, 574–585Conversely, to test whether prior expo-
sure to MHCII potentiates a CD8-to-CD4
conversion in a new MHCIIo host, we
compared the conversion of CD8 T cellsfromOT1+RagoMHCII+donors inRagoMHCIIo versusRagoMHCII+
hosts. The absence ofMHCII in the newhost abrogated aCD8-to-
CD4 conversion, despite a possible interaction of the CD8 T cells
with MHCII in the thymus prior to adoptive transfer (Figure 3E).
In addition, we examined whether the immunocompromised
status of the monoclonal TCR-transgenic model was required
for cross-differentiation. We reconstituted OT1+Rago neonates
with splenocytes from normal B6 mice. The reconstitution with
a large number of polyclonal immune cells did not preclude
cross-differentiation of the OT1 clone to CD4 T cells, although
it reduced the population size of the converted cells, possibly
because their expansion was limited as a result of preoccupancy
of the ‘‘niche’’ by the large population of cells that were trans-
ferred into the neonate recipients (Figures S4B and S4C).
Critical but Nonessential Role for Microbiota in
CD8-to-CD4 Cross-Differentiation
To determine whether normal microbial flora triggered the CD8
T cell lineage plasticity in the large-intestine-associated micro-
environment, we rederived OT1+Rago mice under germ-free
(GF) conditions and then analyzed the GF OT1+Rago mice. As
shown in Figures 4A and 4B, the CD4+Foxp3 and CD4+Foxp3+
populations were diminished in the LILP of the GF animals. How-
ever, the GF conditions did not abrogate the cross-differentiated
CD4+Foxp3 or CD4+Foxp3+ populations in the MLN of the
OT1+Rago mice. Thus, the cross-differentiation did not require
microbiota, but microbiota may promote homing to and/or
expansion in the LILP for the converted CD4+Foxp3 or
CD4+Foxp3+ T cells., February 3, 2015 ª2015 The Authors 577
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Figure 3. MLNs, but Not the Thymus, Play a
Role in Cross-Differentiation from the CD8 T
Cell Lineage to CD4+Foxp3+ CI-Treg Cells
(A–C) Analyses of OT1+Rago mice 2 weeks after
MLN removal: (A) success of MLN removal, (B)
representative flow cytometry plots (the numbers
in the flow cytometry plots represent percentages
of gated populations), and (C) summary of CD4+
and CD4+Foxp3+ cell counts (n = 4, mean ± SEM).
(D) Conversion of purified peripheral OT1+CD8+
CD4CD25Foxp3 cells after transfer into athymic
hosts. MHCII+ or MHCIIo OT1+Rago donors were
used to purify the peripheral CD8 T cells to examine
whether the presence of MHCII during maturation
of the CD8 T cells enables a lasting potential for
their conversion to CD4+ cells in a new host.
(E) MHCII+ or MHCIIo Rago recipients were used to
examine the requirement for MHCII during con-
version of adoptively transferred OT1+Rago CD8
T cells. Representative flow cytometry plots are
followed by a summary of CD4+ and CD4+Foxp3+
cell counts. Each data point represents one animal
(n = 5–7, mean ± SEM).*p < 0.05.
See also Figure S4.Furthermore, a defined microbial flora consisting of the
gram-positive Bacillus circulans was sufficient to restore the
CD4+Foxp3 and CD4+Foxp3+ populations in the LILP of
OT1+Rago mice (Figures 4A and 4B). In addition, we tested
whether the CD8-to-CD4 cross-differentiation depended on a
particular facility or diet. The animals were raised in different
buildings in combination with different diets. The cross-differen-
tiation of the OT1 T cell clone to CD4+Foxp3 and CD4+Foxp3+
T cells occurred efficiently in the large-intestine-associated
microenvironment under all of the various animal housing and
diet conditions we examined (Figure S5).
A Minimal Role for T Cell-Intrinsic TGFb Signaling in
CD8-to-CD4 Cross-Differentiation
One of the major factors that influence T cell differentiation in the
GAE is TGFb (Li and Flavell, 2008). We tested whether TGFb-me-
diated intrinsic signaling in T cells impacts the cross-differentia-
tion from the CD8 lineage to CD4 T cells. We crossed OT1+Rago
mice with a transgenic line carrying a dominant-negative (DN)
mutant of TGFb receptor (TGFbR), CD4-dnTGFBRII (Gorelik
and Flavell, 2000). Blocking TGFb signaling in T cells did not sup-
press cross-differentiation of the OT1 clone to CD4 T cells. It
substantially reduced CD4+Foxp3+ population in the LILP (Fig-578 Cell Reports 10, 574–585, February 3, 2015 ª2015 The Authorsure 4C), but not in the lymphoid organs
of OT1+Rago mice. Notably, it increased
CD4+ and CD4+Foxp3+ populations in
the spleen (Figure 4D), an effect that
remains to be explained.
Conversion from Lineage-Marked
Mature CD8 T Cells with a
Physiological Repertoire
To study whether mature T cells in the
CD8 lineage can convert to CD4 T cells,we used the CD8aCre (Maekawa et al., 2008) 3 Rosa26YFP
(Srinivas et al., 2001) model, in which Cre-transgene expression
driven by an engineered CD8 promoter was demonstrated
to mark mature CD8 T cells in the periphery (Maekawa
et al., 2008). In the OT1+RagoCD8aCre+Rosa26YFP+ mice,
CD8aCre+Rosa26YFP+ only marked a minority of CD8 T cells
in the periphery (Figure S6A). CD8+YFP+ OT1 cells were purified
from the peripheral lymphoid organs of OT1+RagoCD8aCre+
Rosa26YFP+ mice and transferred into Rago recipients. Indeed,
the transferred CD8+YFP+ OT1 cells converted to CD4 T cells
(Figure 5A), consistent with the results we obtained from adop-
tive-transfer experiments using CD8+ OT1 cells from OT1+Rago
donors, as described above (Figure 3D).
We further examined cross-differentiation in a non-TCR trans-
genic setting. To unequivocally demonstrate that mature T cells
in the CD8 lineage with a natural repertoire can indeed convert
to CD4 T cells, we purified peripheral CD8+YFP+CD4
Foxp3CD25 cells from CD8aCre+Rosa26YFP+ mice on the
B6 genetic background and adoptively transferred the cells
into Rago/B6 recipients. The mature CD8aCre+Rosa26YFP+
cells converted to CD4+Foxp3 and CD4+Foxp3+ cells in the
new hosts, with the highest frequencies of CD4 T cells observed
in the LILP (average 20%) followed by the MLN (Figure 5B). In
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Figure 4. Roles of Microbiota and TGFb in
the CD8-to-CD4 Cross-Differentiation
(A) Representative flow cytometry plots of
OT1+Rago mice from a germ-free (GF) facility
compared with animals in an SPF facility with
normal flora (NF) or with defined flora (DF) of the
gram-positive Bacillus circulans.
(B) Summary of CD4+ and CD4+Foxp3+ percent-
ages in the OT1+Rago mice under GF versus NF
and DF conditions (n = 5–7, mean ± SEM).
(C and D) OT1+Rago mice were crossed with
the CD4-dnTGFBRII transgenic line (TGFbR DN)
to examine the effect of T cell-intrinsic TGFb
signaling on cross-differentiation. Shown are
representative flow cytometry plots of OT1+Rago
TGFbRDNmice versus OT1+Rago controls (C) and
a summary of cell counts (n = 5, mean ± SEM;
closed and open symbols indicate control and
TGFbR DNmice, respectively) (D). The numbers in
the flow cytometry plots represent percentages of
gated populations. Each data point represents one
animal. *p < 0.05; **p < 0.01; ***p < 0.001.
See also Figure S5.unperturbed CD8aCre+Rosa26YFP+ mice, CD4+YFP+ cells were
observed rarely (Figure S6B). Depletion of the CD4 T cell popu-
lation enhanced cross-differentiation from the CD8 lineage to
CD4 T cells (Figure 5C). Although these experiments had the ca-
veats that an artificial promoter was constructed to mark mature
CD8 T cells in the periphery (Maekawa et al., 2008) and the anti-
gen specificity of the transferred polyclonal CD8 T cells was un-
known, the results indicate that naturally matured T cells in the
CD8 lineage can indeed convert to CD4 T cells in the large-intes-
tine-associated microenvironment.
A Physiological Role of CI-Treg Cells in Selfless
Tolerance Induction
Foxp3 expression in the OT1+Rago mice, as identified with
the Foxp3-IRES-RFP reporter (Wan and Flavell, 2005) or anti-
Foxp3 antibodies, was detected in the CD4 T cell population,
but not in the CD8 T cells (Figure S7). To examine the physiolog-
ical role of theCD4+Foxp3+CI-Treg cells in immune tolerance and
homeostasis, we generated Foxp3-deficient OT1+Rago mice by
crossing OT1+Rago mice with the Foxp3sf line, which has a null
mutation of the Foxp3 gene (Wildin et al., 2001). The Foxp3sf
line is commonly used to study the role of Foxp3+ Treg cells in
their natural settings.Cell Reports 10, 574–585The OT1+RagoFoxp3sf mice developed
in a healthy manner similarly to the
OT1+RagoFoxp3+ controls. Importantly,
a functional Foxp3 gene was not required
for the cross-differentiation from the CD8
lineage to CD4 T cells (Figure S7C). How-
ever, in comparison with controls, CD8
T cells in the OT1+RagoFoxp3sf mice
exhibited an age-dependent increase in
total counts and activation status in
lymphoid organs (Figure 6A). These re-
sults indicate that CD4+Foxp3+ T cellsthat have converted from the CD8 lineage play a role as Treg cells
in their natural settings to regulate homeostasis of the conven-
tional T cell compartments.
Despite the accumulation of activated CD8 T cells in the
OT1+RagoFoxp3sf mice, the animals exhibited growth and
weight gains comparable to those observed in OT1+RagoFoxp3+
controls. Consistent with this, a pathologic examination did not
reveal substantial damage of the intestine tissues at the interface
of the large intestine and microbiota in the OT1+RagoFoxp3sf
mice (Figure 6B, top-left panels). Therefore, the CD4+Foxp3+
CI-Treg cells did not appear to have a role in inducing tolerance
to the constituents of the large intestine, including microbiota,
in contrast to other types of thymic or induced colonic Treg cells
(Cebula et al., 2013; Josefowicz et al., 2012; Lathrop et al., 2011).
We then examined whether CD4+Foxp3+ CI-Treg cells protect
the large intestine from inflammatory assault. We used a mouse
model of colitis that was induced by oral administration of
dextran sodium sulfate (DSS) (Okayasu et al., 1990). This is a
commonly used model in which the colitis is not caused by spe-
cific immune targeting, but rather by chemically (DSS) induced
inflammatory damage. DSS treatment induced colitis in both
OT1+RagoFoxp3sf mice and OT1+RagoFoxp3+ controls. After
termination of the DSS treatment, the OT1+RagoFoxp3+ controls, February 3, 2015 ª2015 The Authors 579
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Figure 5. Conversion of Lineage-Marked CD8 T Cells to
CD4+ and CD4+Foxp3+ T Cells
(A) Conversion of lineage-marked OT1 CD8 T cells. CD8+YFP+
CD4CD25 cells purified from OT1+RagoCD8aCre+Rosa26YFP+
mice were transferred into Rago recipients and analyzed 6 weeks
later (n = 4). Representative flow cytometry plots of MLNs are
shown. The numbers in the plots indicate the percentages of gated
populations.
(B) Conversion of lineage-marked polyclonal CD8 T cells.
CD8+YFP+CD4CD25Foxp3 cells were purified from CD8aCre+
Rosa26YFP+ B6 mice and adoptively transferred into Rago hosts,
each of which received 1.0 3 106 cells (closed symbols) or 2 3 105
cells (open symbols). The animals were analyzed 6 weeks later.
Representative flow cytometry plots of T cells in the LILP and MLNs
are followed by a summary of CD4+ and CD4+Foxp3+ cell counts.
Each data point represents one animal (n = 5–6, mean ± SEM).
(C) Influence of CD4 depletion. Adult B6 CD8aCre+Rosa26YFP+
mice were thymectomized (to eliminate thymic development). Two
weeks later, the mice were treated with two doses of rat IgG con-
trols or anti-CD4-depleting antibodies. The mice were analyzed
by flow cytometry 35–40 weeks after treatment (after the CD4 T cell
population recovered from depletion). Representative flow cy-
tometry plots are followed by a summary of percentages and
cell counts. Each data point represents one animal (mean ± SEM,
n = 4–5). *p < 0.05.
See also Figure S6.
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Figure 6. Function of CD4+Foxp3+ CI-Treg
Cells in Their Natural Settings in Regulating
Immune Homeostasis and Protecting the
Large Intestine from Inflammatory Damage
(A) Effect of Foxp3 deficiencies in OT1+Rago mice
on homeostasis and activation of CD8 T cells.
Representative flow cytometry plots are followed
by cell counts (closed symbols, OT1+RagoFoxp3+
mice; open symbols, OT1+RagoFoxpsf mice). The
numbers in the flow cytometry plots represent the
percentages of gated populations. Each data point
represents one animal (n = 4–6; mean ± SEM).
(B) Colitis development in OT1+RagoFoxp3+ versus
OT1+RagoFoxp3sf mice treated with DSS drinking
water. Left: H&E staining of colon tissue sections
(original magnification 3 5). Right: weight loss
and survival curves (n = 4–7 pooled from two ex-
periments, mean ± SEM). *p < 0.05; **p < 0.01;
***p < 0.001.
See also Figure S7.quickly recovered and there was no mortality in this group. How-
ever, OT1+RagoFoxp3sf mice could not heal from the colitis after
the DSS treatment was discontinued, and all animals in this
group progressed to moribund conditions (Figure 6B). Thus,
the CD4+Foxp3+ CI-Treg cells in their natural settings, specific
to neither ‘‘self’’ nor microbial agents, not only regulated sys-
temic immune homeostasis but also facilitated inflammation
control in the large intestine.
AProtective Role of Adoptively Transferred CI-Treg Cells
in T Cell-Mediated Immune Damage
We then examined the regulatory potential of CI-Treg cells in an
adoptive-transfer setting. Led by the finding that CI-Treg cells
reduced the activation of CD8 T cells (Figure 6), we used amodel
of colitis induced by transfer of naive CD8 effector T (Teff) cells
into Rago recipients (Tajima et al., 2008). OT1 CD4+Foxp3+
CI-Treg cells that were cotransferred at a 1:3 ratio with the CD8
Teff cells indeed suppressed the activation of the CD8 Teff cells
(Figures 7A and 7B), improved weight maintenance (Figure 7C),
and suppressed colitis development (Figure 7D). Cotransfer of
OT1 CD4+Foxp3 cells did not suppress but slightly increased
the activation of CD8 Teff cells, and did not inhibit colitis develop-
ment. Of note, in the OT1 CD4+Foxp3 cotransfer group, 30%Cell Reports 10, 574–585of OT1 CD4 cells became Foxp3+ in the
new host (not shown). The CI-Treg cells
appeared to be more consistent than
standard CD4+Foxp3+ Treg cells from B6
mice in suppressing immune damage in
this model (Figures 7C and 7D). Further
experimentations on a larger scale and
with various cell doses are needed to
test whether CI-Treg cells might be more
effective than standard CD4+Foxp3+ Treg
cells in this and other conditions of CD8
T cell-mediated damage. Future studies
are also needed to examine whether
CI-Treg cells function in other settings ofinflammatory damage, including immune damage mediated by
CD4 Teff cells. Taken together, the results shown in Figures 6
and 7 suggest that CI-Treg cells can indeed be effective in sup-
pressing inflammatory damage to intestinal tissue.
DISCUSSION
Originally formulated to explain the biological relationship be-
tween a vertebrate host organism and microbial pathogens,
the concept of selfhood-centered tolerance versus immunity
(Burnet, 1957) has contributed tremendously to our understand-
ing of immunology. Its limitations (Matzinger, 1994) have been
highlighted by recent debates regarding induction of immune
tolerance to microbiota in the large intestine (Cebula et al.,
2013; Josefowicz et al., 2012; Lathrop et al., 2011). A healthy
mammal typically hosts a chimeric composition of cells of
diverse genetic origins. The steady-state symbiosis with a supe-
rior number of NFmicrobial agents in the large intestine compels
a reconsideration of the concept of ‘‘self’’ and ‘‘nonself’’ discrim-
ination, as the mutualistic microbial organisms in a mammalian
host do not fit the traditional definitions of ‘‘self’’ and ‘‘nonself.’’
This study demonstrates the conversion of T cell clones in the
CD8 lineage to CD4+Foxp3 and CD4+ Foxp3+ Treg cells in the, February 3, 2015 ª2015 The Authors 581
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Figure 7. Control of T Cell-Mediated Dam-
age by CD4+Foxp3+ CI-Treg Cells in Adop-
tive-Transfer Settings
Purified naive CD8 Teff cells from wild-type B6 mice
were adoptively transferred into Rago recipients.
The CD8 Teff cells (2 3 10
5) were injected alone
or cotransferred with 7 3 104 CD4+Foxp3+ or
CD4+Foxp3 cells purified from OT1+Rago mice,
or CD4+Foxp3+ cells from B6 mice. Mice were
monitored for weight.
(A) Representative flow cytometry plots. The
numbers in the flow cytometry plots represent the
percentages of gated populations.
(B) Summary of percentages and cell counts for the
activated CD8 T cells. Each data point represents
one animal (n = 4–6; mean ± SEM).
(C) Weight of the animals after T cell transfer.
(D) Pathology assessment of colitis development.
Left: H&E staining of colon tissue sections (original
magnification 3 12.5). Right: histopathology score
(mean ± SEM; n = 4–6 pooled from 4 experiments).
*p < 0.05; **p < 0.01.large-intestine-associated microenvironment, in the absence of
its nominal antigen or despite the remote presence of a ‘‘self’’ an-
tigen in a distal organ. This observation suggests that in a steady
state without apparent ‘‘danger’’ (Matzinger, 1994), T cells do not
necessarily delineate a dichotomized discrimination of ‘‘self’’
from ‘‘nonself,’’ but can differentiate with ‘‘selfless’’ intrinsic
plasticity to remedy an imbalanced constitution. Conversion of
the CD8 T cell lineage in the large-intestine-associated microen-
vironment could be driven by environmental cues without regard
to the ‘‘self’’ or ‘‘nonself’’ origin of specific antigenic signals. In
this regard, although microbe-specific tolerance has indeed
been detected in the large intestine (Cebula et al., 2013; Lathrop
et al., 2011), the effect of gut flora on T cell differentiationmay not
always be limited to the gut. For example, CD4 Th17 subset dif-
ferentiation induced by gut-microbial flora was shown to trigger
autoimmune damage in the joint, a site distal from the gut (Wu
et al., 2010).
The two independent T cell clones in the MHCI-restricted CD8
lineage showed lineage plasticity in the large-intestine-associ-
ated microenvironment. This plasticity may be T cell intrinsic,
since apparently it was not induced by antigenic stimulation
from microbiota or the body’s self. To a certain extent, this
observation may somewhat reconcile the notion of ‘‘selfhood’’-582 Cell Reports 10, 574–585, February 3, 2015 ª2015 The Authorscentered immunological discrimination
with the chimeric composition of cells
in a healthy mammal. In this regard, we
suggest that a distinction can be made
between central and peripheral T cell
development. Robust evidence exists
for T cell clonal selection based on ‘‘self/
nonself’’ discrimination in a central
lymphoid organ, the thymus (Anderson
et al., 2002; Hsieh et al., 2004; Kisielow
et al., 1988). However, in the periphery,
in addition to the various mechanisms of
inducing tolerance to self-antigens, T celldifferentiation at a heterogeneous interface (e.g., the GAE) could
occur independently of the ‘‘self’’ denotation (Matzinger, 1994),
in a ‘‘selfless’’ mode of clonal plasticity. Such plasticity may facil-
itate tolerance and integrity with respect to a wholesome biolog-
ical entity of a mammalian organism. In other words, there is an
additional, peripheral mechanism(s) of T cell immunity versus
tolerance induction that may occur regardless of ‘‘self’’ or
‘‘nonself’’ and is attuned to environmental cues and evolved
for a systemic balance, with an intrinsic cellular plasticity equip-
ped in the CD8 T cell lineage.
Technically, it is challenging to study T cell clonal fate in a
natural history of peripheral development without resorting to
a reductionist approach, particularly in complex settings such
as the large-intestine-associated microenvironment. On the
other hand, how microbiota affect the clonal fate of T lympho-
cytes remains a question of extensive interest. In this study,
we used monoclonal TCR transgenic models that allowed
us to analyze the T cell clonal fate in terms of known antigen
specificities. However, the nature of such in vivo studies limited
the practicality of this approach to only a few clones. Of note,
the OT1+Rago mouse is a standard model that is generally
used to study CD8 T cells. Still, the limitation of such an
approach is apparent: how physiologically relevant is such an
exaggerated simplicity of the T cell repertoire in the context of
relative lymphopenia?
A previous study showed that a well-established T cell lineage,
CD4 Treg cells, was stable in lineage specification even during
lymphopenia-driven proliferation (Rubtsov et al., 2010). In our
studies, lymphopenia was likely not the original trigger for the
CD8-to-CD4 lineage plasticity either. Rectifying the monoclonal
and lymphopenic condition by neonatal reconstitution with a
natural repertoire of immune cells did not preclude cross-differ-
entiation but reduced the size of the converted populations, sug-
gesting that CD8-to-CD4 cross-differentiation may occur at a
basal level, and its expansion depends on the available ‘‘niche.’’
Consistent with this possibility, the CD8-to-CD4 conversion of
polyclonal T cells in CD8aCre+Rosa26YFP+ mice was enhanced
in CD4-depleted animals. Of note, the CD8aCre transgene
was constructed with an unnatural promoter (Maekawa et al.,
2008). Although it labeled most of the peripheral CD8 T cells in
B6 mice, it only marked a minority of OT1 CD8 T cells in periph-
eral lymphoid organs. Therefore, an accurate assessment of the
extent of CD8-to-CD4 lineage cross-differentiation in a natural
repertoire awaits an alternative tool for efficient lineage tracing
unaffected by clonal variations. Nevertheless, the CD8-to-CD4
lineage conversion revealed in this study could be relevant for
adoptive immune therapies that use CD8 T cells, or in clinical
settings of immune imbalance due to CD4 T cell deficit, such
as AIDS or immunoablation conditioning.
It remains to be determined whether the CD4+Foxp3 and
CD4+Foxp3+ cells derived from cross-differentiation of the CD8
lineage have a stable lineage specification or merely reflect a
metastable differentiation state. Lineage stability in various set-
tings has been demonstrated for MHCII-restricted CD4+Foxp3+
Treg cells (Rubtsov et al., 2010). In our study, the functional
capacity of CD4+Foxp3+ CI-Treg cells was indeed evident in vivo,
but their lineage stability needs to be characterized by genetic
tracing. With regard to their therapeutic potential, unlike the
known subsets of thymic and peripheral CD4+Foxp3+ Treg cells
that recognize MHCII molecules, the expression of which is
limited to antigen-presenting cells, CD4+Foxp3+ CI-Treg cells
recognize constitutively and ubiquitously expressed MHCI mol-
ecules. Therefore, the ‘‘selfless’’ plasticity of the CD8 lineage
cross-differentiating to CD4+Foxp3+ CI-Treg cells suggests novel
possibilities for immune tolerance induction.
EXPERIMENTAL PROCEDURES
Mice
The following transgenic and knockout mouse models were described previ-
ously: OT1 (Hogquist et al., 1994), 8.3 (Verdaguer et al., 1997), OTII (Barnden
et al., 1998), BDC2.5 (Katz et al., 1993), Rag1 (Mombaerts et al., 1992),
Foxp3sf (Wildin et al., 2001), MHCII H-2Ab knockout (Grusby et al., 1991),
MHCII KO (Madsen et al., 1999), Foxp3FIR (Foxp3-IRIS-RFP ‘‘knockin’’) (Wan
and Flavell, 2005), CD8aCre (Maekawa et al., 2008), Rosa-26-YFP (Srinivas
et al., 2001), and TGFb1R DN transgenic mice (Gorelik and Flavell, 2000).
These lines were crossed in various combinations to generate the model for
this study. GF mice were rederived by embryo transfer at Taconic. During
GF rederivation of OT1+RagoFoxp3FIR mice, one of the isolators was found
to be specific-pathogen free (SPF), but aerobic normal microbial flora were de-
tected during monitoring. The flora were identified as gram-positive Bacillus
circulans. Although the animals from this isolator were obtained from an un-
successful attempt at GF rederivation, they were deemed to harbor definedCflora (DF) and analyzed in comparison with animals that were maintained in
a standard SPF facility under NF or GF conditions. Other animals were main-
tained in an SPF barrier facility with Teklad diet #2018 or #2019 (Harlan Labo-
ratories), or LabDiet diet #5021 (LabDiet). The studies were approved by the
Institutional Animal Care and Use Committee at the University of Miami.
Surgical Removal of MLNs and Thymectomy
Mock surgery or surgical removal of MLNs was conducted on 13- to 14-day-
old OT1+Rago mice according to a procedure similar to that described
by Griffin et al. (2011). Thymectomy was conducted according to a standard
procedure. Both are described in detail in Supplemental Experimental
Procedures.
Antibody Depletion of CD4 T Cells
For CD4 T cell depletion, mice were injected i.p. with anti-CD4 antibody
(GK1.5) or rat IgG controls (12 mg/g) on days 0 and 5. The efficacy of anti-
CD4 T cell depletion was verified by tail vein blood sampling after completion
of treatment. The mice were then monitored for CD4 T cell population recov-
ery. Endpoint experiments were conducted 35–40weeks after anti-CD4 deple-
tion was completed.
Preparation of Cells from Intestinal Tissue
Intestines were minced and treated with EDTA to isolate IELs. Collagenase
was used to dissociate intestinal tissues for lymphocyte isolation from lamina
propria. Detailed methods are described in Supplemental Experimental
Procedures.
Flow Cytometry, Cell Sorting, and Adoptive-Transfer Experiments
Flow cytometry analyses, including intracellular cytokine staining, were
conducted according to standard procedures (Devarajan et al., 2014; Miska
et al., 2012, 2014; Supplemental Experimental Procedures). In adoptive-trans-
fer experiments, CD8 T cells were sorted as CD8+CD4CD11bCD11c
Ter119B220NK1.1CD25Foxp3 from the spleen and lymph nodes of
OT1+RagoFoxp3FIR+ mice or as CD8+YFP+CD4CD11bCD11cTer119
B220NK1.1CD25Foxp3 from CD8aCre+ Rosa26YFP+ mice. The purified
CD8 T cells (purity > 99.7%), with or without the YFPmarker, were injected into
recipients. For neonate reconstitution of OT1+RagoFoxp3FIR+ mice, whole-
splenocyte preparations from B6 mice were injected i.p. at 2 3 107 cells per
recipient.
Colitis Studies
Colitis was induced by DSS according to previously described methods
(Okayasu et al., 1990), as described in detail in Supplemental Experimental
Procedures. Pathology scoring and colitis induction by transfer of purified
naive CD8 effector T (Teff) cells into Rag
o recipients were done as previously
described (Tajima et al., 2008), except that a lower dose of CD8 T cells was
used.
Statistics
Student’s t tests or Mann-Whitney U tests were used when appropriate for sin-
gle comparisons. For multiple groups, ANOVAs followed by Tukey’s post hoc
test, or Mann-Whitney U tests followed by Bonferroni’s correction were used.
For survival analysis, the log rank test was conducted; p values% 0.05 were
considered significant (*p < 0.05, **p < 0.01, ***p < 0.001).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.celrep.2014.12.053.
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